Abstract-The objectives of this study were to (1) record the inner-prosthesis loading during activities of daily living (ADLs), (2) present a set of variables comparing loading data, and (3) provide an example of characterization of two prostheses. The load was measured at 200 Hz using a multi-axial transducer mounted between the residuum and the knee of an individual with unilateral transfemoral amputation fitted with a bone-anchored prosthesis. The load was measured while using two different prosthetic knees, mechanical (PRO1) and microprocessor-controlled (PRO2), during six ADLs. The characterization of the prostheses was achieved using a set of variables split into four categories, including temporal characteristics, maximum loading, loading slopes, and impulse. Approximately 360 gait cycles were analyzed for each prosthesis. PRO1 showed a cadence improved by 19% and 7%, a maximum force on the long axis reduced by 11% and 19%, and an impulse reduced by 32% and 15% during descent of incline and stairs compared with PRO2, respectively. This work confirmed that the proposed apparatus and characterization can reveal how changes of prosthetic components are translated into inner-prosthetic loading.
INTRODUCTION
Individuals with transfemoral amputation (TFA) are normally supplied with socket-suspended prostheses. Some of the issues associated with the interface between the residuum and the socket can be resolved with a boneanchored prosthesis [1] . In this case, the prosthesis is attached to the residuum using an implant inserted into the bone [1] [2] [3] . To date, approximately 300 individuals through the prosthesis" [25, p. 206] . This load can be calculated using inverse dynamics equations requiring kinematic data captured by a motion analysis system and ground reaction forces measured by force plates [26] [27] .
Some of the most important shortcomings of this method are inherent to the experimental setting of these instruments [27] . In particular, instrumentation of stairs and inclines with floor-mounted force plates is possible but tedious and often leads to assessments that could only be somewhat ecological. Marginal calculation errors caused by location of center of pressure and joint center through external markers could be increasingly propagated upward between the ankle, knee, and hip [28] [29] [30] . Finally, data processing is often time-consuming and labor-intensive. Consequently, this method can only partially accommodate the clinical expectations for an ecological assessment of the inner-prosthetic loading.
Characterization Based on Direct Kinetic  Measurements
Alternatively, a prosthesis could be characterized using load sensors embedded between components. Recently, portable kinetic systems based on a multi-axial transducer connected to a recording device were used to measure the load applied on the residuum of individuals with lower-limb amputation [31] [32] . To date, studies of the load applied on the osseointegrated fixation of TFAs focused only on the effects of load-bearing exercises [8] , walking aids [33] , walking [34] , standardized ADLs [35] , ADLs in open environment [36] [37] , and falls [9] [10] . All combined, more ecological information was provided, demonstrating that this alternative approach is relevant and practical to clinicians. Furthermore, these studies, particularly the ones examining locomotion [33] [34] [35] , give some preliminary information demonstrating the potential benefits of this approach to characterize boneanchored prostheses.
These studies provided key practical cues about the transducer included in the portable kinetic systems (e.g., mounting, orientation, calibration). More importantly, they demonstrated that these systems are capable of directly measuring the three components of force (F) and moment (M) without calculations and for a large number of gait cycles (GCs), in contrast with inverse dynamics. Furthermore, these studies described a set of standardized ADLs including, but not limited to, the ones usually considered to assess prosthetic components (e.g., straightlevel walking, ascending stairs [ST-A], descending stairs [13, [34] [35] [38] [39] [40] . Finally, these studies laid out some basic ways to extract gait temporal variables, peaks and local extremas, and impulse from inner-prosthetic loading data.
Need for More Evidence
Nonetheless, more evidence is required to evaluate to what extent the apparatus, protocols, and analyses previously presented are actually suitable to characterize bone-anchored prostheses. Indeed, a need exists for a pilot study replicating typical data collection and, eventually, exploring further possible analyses in the view of differentiating loading between prostheses.
Aim, Purpose, and Objectives
The ultimate aim of this study was to contribute to an evidence-based prescription of prosthetic components for individuals with TFA fitted with bone-anchored prostheses. The purpose of this pilot study was to propose a characterization of prostheses from collection to analysis of inner-prosthetic loading data. The specific objectives were-1. To directly record forces and moments applied on the three axes of the fixation during six standardized ADLs, including walking on a short walkway (WA-S), ST-D, and IN-D, commonly considered when assessing prosthetic components, as well as walking on a long walkway (WA-L), ST-A, and IN-A. 2. To analyze and interpret the load applied on the fixation using a set of variables split into four categories, including temporal characteristics, maximum loading, and impulse routinely used in previous studies, as well as loading slopes newly presented here. 3. To provide an example of characterization and comparison of two bone-anchored prostheses of an individual with unilateral TFA fitted with an OPRA fixation, including a mechanical (Total Knee, Össur; Reykjavik, Iceland) and microprocessor-controlled (C-Leg, Otto Bock; Vienna, Austria) knee unit.
METHODS

Participant
One male (41 yr old, 1.77 m, 96.55 kg) with unilateral TFA due to trauma participated in this study. The initial amputation and the completion of osseointegration treatment took place 14 and 8 yr before this study, respectively. The participant was fully rehabilitated and active with an overall functional level corresponding to K4, indicating a fairly high ambulatory capacity according to Medicare Functional Classification Level.
Apparatus
The load applied on the fixation was measured while the participant used two different prostheses, mechanical (PRO1) and microprocessor-controlled (PRO2) (Figure 1) . Both prostheses included a connector, four-hole standard adapter and designed plate, and transducer. The participant used the connector to attach each prosthesis to the fixation. As detailed in Table 1 , PRO1 included a C-Leg, tube adapter (Otto Bock), C-Walk foot (model 1C40, Otto Bock), and hard running shoe. PRO2 included a Total Knee, Total Shock (Össur), tube adapter (Össur), Trustep (College Park Inc; Warren, Michigan), and same hard running shoe. PRO1 and PRO2 were purposely assembled with unique knee and ankle joint combinations in order to assess the loading effect of the whole prosthesis as it is usually worn by the participant. This is in contrast with typical studies assessing a particular component (e.g., microprocessor-controlled knee), which tend to fit the rest of the prosthesis with the same components (e.g., sockets, ankles, feet, footwear) to reduce confounding effects.
A prosthetist with over 15 yr of experience, including several years working with bone-anchored prostheses, handled all aspects of prosthesis fitting. The prosthetist replicated the alignment of each prosthesis as closely as possible to the participant's original alignment. The connector and transducer replaced the device usually fitted, including a fail-safe mechanism [6] . Both knees were dropped by approximately 2.5 cm compared with the usual alignment to provide sufficient space to mount the transducer. Table 1 shows positions and orientations of each component in relation to the three axes of the hip coordinate system. The difference in position for each component was <2.11 and 2.75 cm on the mediolateral (ML) and long (LG) axes, respectively. The difference on the anteroposterior (AP) axis was nil for the transducer as well as 1.72 and 6.16 cm for the knee and ankle joints, respectively. These differences were due to a smaller knee flexion angle of the C-Leg in the upright standing position.
The load was measured and recorded at 200 Hz using a multi-axial transducer and a laptop computer [8] [9] [10] 28, [32] [33] [34] [35] [36] 41] . The three components of forces and moments were measured with accuracy better than 1 N and 1 Nm, respectively. The prosthetist mounted the transducer between the fixation and the prosthetic knee and aligned it so that its vertical axis was co-axial with the LG axis of the fixation. The other axes corresponded to the anatomical AP and ML direction of the fixation.
Recording
The load was recorded during two sessions, starting with PRO1 in the morning and followed by PRO2 in the afternoon, after a long rest. Each session occurred according to protocol previously published [32, [34] [35] , including the following key steps.
First, the prosthetist set up and aligned the prosthesis, including the transducer. Acclimation time was limited because the participant was familiar with both prostheses. PRO2 was his first prosthesis after amputation and following osseointegration treatment, which he wore for several years. PRO1 has been his current daily prosthesis for several months. Approximately 15 min of practice was allowed before recording to ensure participant confidence, safety, and comfort.
Second, the participant was asked to perform six standardized ADLs regularly performed [42] [43] that are likely to generate some of the highest loads. WA-S (5 m long), ST-D with 11 steps (30 cm high and 34 cm deep), and 6.5° IN-D (30 m long) are activities commonly considered when assessing prosthetic components [38] . However, WA-L (20 m long), ST-A, and IN-A were also recorded to provide more comprehensive characterization, and eventually, to establish ground levels for future considerations. At first glance, the two walking activities might appear redundant. WA-S is usually assessed in gait laboratory settings. A WA-L was included to measure a higher number of steps. Ecological assessments were ensured by instructing the participant to complete each activity at a self-selected comfortable pace, to use the stair handrail if needed, and to take sufficient rest between trials to avoid fatigue. Table 1 provides the number of trials recorded for each activity.
Finally, the prosthesis was removed to allow bench top measurement of the inertial characteristics for the calibration (i.e., zero-offset).
Processing
The raw data for each trial was imported into a customized MATLAB software program (MathWorks Inc; Natick, Massachusetts), implementing the following data processing steps [32, [34] [35] :
• Application of a calibration matrix to eliminate crosstalk and to correct the offset of electrical zero.
• Selection of relevant segment of data to eliminate GCs corresponding with gait initiation and termination.
• Identification of heel contact and toe-off for each selected GC using the curve of the force on the LG axis of the fixation (F LG ).
• Detection of maximal loading as well as the beginning and the end points of the regression line for each slope. • Normalization from 0 to 100 of the curves of forces and moments of each GC to facilitate averaging of trials and reporting of events in percent of GC (%GC).
Characterization
The characterization of each prosthesis relied on 32 loading variables split into four categories, corresponding with temporal characteristics, maximum loading, and impulse, as described previously, as well as with loading slopes:
• Temporal characteristics of the prosthetic leg, including the cadence in strides per minute for a given trial as well as the duration of each GC in seconds, and the duration of support and swing in %GC [44] . The characteristics are surrogate measurements of the functional outcomes [36] [37] . • Maximum loading, described by the onset in %GC and magnitude of the maximal force in percent of BW (%BW) and moment in %BW (%BWm) along the three axes of the fixation [34] [35] . This information is necessary to determine the loading limits of components.
• Impulse of the norm and the three components of forces in Newtons, determined using the trapeze method. The overall impulse was used as a clinical indicator reflecting the loading regimen [8, [33] [34] [35] that is useful to determine prosthesis usage and to estimate components fatigue.
• Loading slopes of the forces and moments along the three axes during initial and terminal loading phases.
A slope was represented by the angle in degrees between the time and the regression line that passed by a flat segment of a loading curve selected manually. The algebraic congruence was obtained between the time in seconds, the forces in Newtons, and the moments in Newton meters through rescaling by a factor 1,000 and 10 [9] . Small and large magnitudes corresponded to flat and steep slopes, while positive and negative values indicated upward and downward inclinations, respectively. Emphasis was placed on the slopes occurring during the first and last sections of the support because both phases are mainly concerned with safety (e.g., buckling of knee mechanism) and propulsion (e.g., forward push). The slopes reflect the loading pattern using a single value combining nonnormalized time and load magnitude.
Comparative Analysis
All GC data was collated to determine mean ± 1 standard deviation, as detailed in Table 1 . The difference between prostheses was determined with PRO2 -PRO1. Therefore, a positive and negative difference between a variable indicated that PRO2 is algebraically larger or smaller than PRO1, respectively. A simple two-sided ttest with p-values considering differences was deemed significant at p < 0.05 acceptable for this pilot study relying on a single case.
Comparison of both prostheses relied on the count of the maximum absolute difference and its corresponding activity and the number of positive and negative differences that were not statistically significant as well as significantly different.
RESULTS
A total of 727 GCs were analyzed, including 363 for PRO1 and 364 for PRO2 (Table 1) . Figures 2, 3, and 4 provide an overview of the forces and moments applied on the three axes of the residuum during walking, stairs, and incline activities. The participant used the handrail with his opposite hand. Moreover, the participant climbed one stair per step for the three first trials and two stairs per steps for three last trials. ST-D was performed "step over step" with PRO1 and "one at a time" with PRO2.
Temporal Characteristics
As presented in Table 2 , the difference was negative and positive for all activities for the cadence and duration of GC, respectively. The difference was negative and positive for two and four activities for the duration of support, respectively. The difference was significantly different for 21 (88%) of the 24 possible comparisons of temporal characteristics.
Maximum Loading
As presented in As presented in Table 4 , during initial loading, the difference was positive for all activities for F AP , M ML , and M LG . The number of activities presenting positive and negative differences was three for F ML and F LG and four and two for M AP , respectively. During terminal loading, the difference was negative for all activities for F AP and M ML . The number of positive and negative differences was three and three for F ML , two and four for F LG and M AP , and five and one for M LG , respectively. The difference was significantly different for 27 (75%) and 33 (92%) of the 36 possible comparisons of slope occurring during initial and terminal loading, respectively.
Impulse
As presented in Table 5 , the difference of impulse was positive for all activities on the ML and LG axes. It was positive and negative for four and two activities on the AP axis, respectively. The difference of overall impulse was positive for all activities. All 24 possible comparisons of impulse were statistically significant.
DISCUSSION
Characterization of Prosthesis
The primary contribution of this work was to demonstrate that the proposed characterization (e.g., apparatus, protocol, analysis) can describe how changes in prostheses are translated into loading on the fixation. In addition, this study highlights a limit of the maximum-to-maximum comparison, mainly due to the lack of systematic onset concordance of algebraic maximum loading between patterns. Therefore, complementary analysis of the loading slopes and, eventually, a peak-to-peak comparison are needed. For example, the comparison of maximum of M ML during IN-D corresponding to 6.05 ± 0.24 %BWm for PRO1 and 1.95 ± 0.50 %BWm for PRO2 (Table 3) can be misleading since the terminal slope occurring between 46 %GC and 59 %GC was 88.42° ± 0.19° with PRO1 and 87.97° ± 1.36° with PRO2, respectively ( Table 4) .
Furthermore, this study reports mixed evidence supporting a systematic inclusion of ascent activities in prostheses characterization. Differences between both prostheses during ST-A and IN-A were negligible for F LG but more significant for the norm of impulse, as Maximum value (max) as well as mean ± 1 standard deviation of forces and moments applied over percent of gait cycle (%GC) along anteroposterior, mediolateral, and long axes of residuum during walking in long (WA-L) and short (WA-S) walkway. HC = mean heel contact, PRO1 = prosthesis 1 (mechanical), PRO2 = prosthesis 2 (microprocessor-controlled), TO = mean toe-off. detailed later. This suggests that prosthesis characteristics might have little effect on these activities and support previous studies discarding them [38] . Nonetheless, loading patterns and maximum magnitudes must be known for all activities to provide benchmark data for predictive models of prosthesis usage during ADLs (e.g., activities pattern recognition, fatigue prediction, finite elements models [45] [46] ).
Also, the succinct comparison between WA-S and WA-L reveals significant differences in most loading variables. This provides ground to hypothesize that assessments in experimental and real-world conditions might differ. Further investigations will be required to substantiate these findings.
Finally, this pilot study demonstrated the capacity of the proposed characterization to address the issues of under-or over-prescription of prosthetic components, corresponding to the disagreement between the functional capacity of the individual and the performance of the components [47] [48] . For instance, this characterization can contribute to matching the walking abilities of individuals with TFA fitted with a fixation or a conventional socket with a relevant prosthetic knee unit, particularly those classified as limited community ambulators (e.g., Medicare Functional Classification Level 2) [42, 49] .
Prostheses Comparison
The secondary contributions of this study are associated with the actual results of the comparison between two prostheses for this participant. The results showed that cadence, duration of GC, and support-to-swing ratio for all activities with both prostheses were among the best when compared with similar populations using socket-suspended prostheses [36, 44] . Prosthetic benefits of the osseointegration fixation were translated into high functional outcomes for this participant [6] [7] 12, 44] .
Furthermore, the performances in some key variables appear favorable to PRO1 compared with PRO2. Despite being approximately 0.28 kg heavier, PRO1 showed- A, and WA-S, respectively. Some of these differences appear small when observed over one GC. However, they can become increasingly important when cumulated over a large number of GCs [36] [37] .
By definition, the load measured by the transducer reflects the interaction between the body segments (e.g., Table 2 . Mean ± 1 standard deviation and differences of temporal characteristics with both prostheses during activities of daily living. trunk bending, hip range of movement, walking base) and all components of the prosthesis (i.e., fixation, knee, tube, ankle, foot, footwear). However, several studies demonstrated that this interaction tends to be predominantly driven by the prosthetic knee unit [50] . Therefore, differences presented here can be expected to be mostly due to differences between the Total Knee and C-Leg. Consequently, the results illustrate well the dilemma around the choice of initial and definitive knee unit after osseointegration treatment, as described previously. The Total Knee is lighter and requires only partial weightbearing to ensure locking of the knee mechanism. However, it creates larger loading in a number of ADLs and presents potentially higher risks of falls. In comparison, the C-Leg generates smaller load in several ADLs and presents lower risks of falls [13] . However, it requires applying nearly full BW to control the knee mechanism. In addition, this choice could be complicated by the prescription of walking aids, making the ability to apply full BW a less critical selection criterion. A previous study demonstrated that the loading is reduced by approximately 2 to 10 percent depending on walking aid [33] .
Prosthesis
Furthermore, this study gives an example of a potential paradox with the fitting of the microprocessor-controlled knee in a bone-anchored prosthesis. On one hand, these knees tend to minimize fatigue of fixation parts both directly by reducing the actual load regime and indirectly by decreasing the risks of falls [13] . On the other hand, these knees maximize the functional outcome that can possibly lead to an increase in overall number of GCs taken in the real world. This might prevent bone loss around the fixation [51] while accelerating fatigue of fixation parts [36] [37] . However, altogether, a microprocessor-controlled knee might provide the best compromise between gain in functional outcomes, promoting bone health, and risks of fracture. Table 3 . Mean ± 1 standard deviation and differences of onset and magnitude of maximum force (F) and moment (M) along anteroposterior (AP), mediolateral (ML), and long (LG) axes of residuum with both prostheses during activities of daily living. Table 5 . Mean ± 1 standard deviation and differences of norm of impulse (I N ) and component along anteroposterior (AP), mediolateral (ML), and long (LG) axes of residuum with both prostheses during activities of daily living.
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Limits for Generalization
The generalization of the results was limited mainly because of the typical intrinsic shortcoming of a single-case study as well as the short acclimation time with PRO2 and the small alignment variations. Furthermore, the interpretation of the results is limited by the lack of assessment of confounders associated with spatial variables (e.g., walking base, step and stride length), as well as dynamics (e.g., ground and handrail reaction forces), kinematics (e.g., trunk bending, hip range of movement), and kinetics (e.g., ankle, knee, and hip joint moments and work [28] [29] [30] ).
Future Studies
The proposed characterization will facilitate future longitudinal studies comparing prostheses construction (e.g., socket design, components, alignment) for a larger cohort of individuals with TFA fitted with an osseointegrated fixation or socket. This will provide benchmark information, and eventually, a better understanding of intra-and inter-variability between attachments, components, participants, and activities.
The possibilities for cross-sectional studies are endless, particularly for the ones associating the proposed characterization with complementary biomechanical (e.g., dynamics, kinematics, and kinetics characteristics) and physiological (e.g., electromyography of the hip and residuum muscles [52] , metabolic energy consumption) data.
CONCLUSIONS
This was the first attempt to establish to what extent prostheses can be characterized through inner-prosthetic loading applied on the residuum of an individual with TFA during ADLs. This study is a stepping stone in components characterization. It can hopefully provide key information to clinicians facing the challenge of restoring safe function in individuals with a lower-limb amputation, programs, and design of prosthetic components.
